Abstract. The current study assessed the efficacy of two phenylethanoid glycosides (PhGs), Torenoside B (TB) and Savatiside A (SA), in the treatment of Alzheimer's disease (AD). The effects of TB and SA compounds were first assessed following amyloid beta (Aβ) [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] induction in SH-SY5Y cells at a range of concentrations. Their effects on cell viability and reactive oxygen species (ROS) were determined by performing MTT and dichlorofluorescin diacetate assays, respectively. The concentration of intracellular Ca 2+ was determined using Fluo-3AM to stain SH-SY5Y cells. SA and TB treatments were also assessed in Aβ 25-35 -induced mice. Y-maze and Morris water maze methods were utilized to assess murine learning and memory capability. The pathological changes of murine hippocampi was determined using H&E and Nissl staining. In addition, biochemical parameters associated with intracellular reactive oxygen pathways including Maleic dialdehyde (MDA), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), acetylcholinesterase (AChE) and Calnexin were also assessed. TB and SA treatment in Aβ 25-35 -induced SH-SY5Y cells resulted in the restoration of cell morphology, an increase of SOD and GSH-Px activity, a decrease in ROS, Ca 2+ and MDA content, and a decrease in Calnexin expression. Furthermore, SA or TB treatment administered to Aβ 25-35 -induced mice improved their spatial/non-spatial learning and memory capabilities. The efficacy of treatment was also supported by a marked change in the morphological structure of pyramidal neurons in the CA1 areas of murine hippocampi, as well as an increase of SOD and GSH-Px activity. Treatment also resulted in a decrease in MDA content, AchE activity and Calnexin expression in murine hippocampal tissue. As potential AD treatment drugs, SA and TB compounds have been demonstrated to alleviate the oxidative stress induced by Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] via the regulation of intracellular calcium homeostasis and Calnexin, preventing AD development.
Introduction
The incidence of Alzheimer's disease (AD) is increasing rapidly with aging populations worldwide and has given rise to a series of medical and social-economic problems (1) . It has been reported that 44.35 million people were diagnosed with AD worldwide in 2013, a number which may increase and to 75.62 million by 2030 and 135.46 million by 2050 (2) . Thus, the pathogenesis of AD and its prevention and treatment is of great importance to medical research.
AD is a neurodegenerative disease that frequently occurs in the senior population and is characterized by progressive dementia (2) . AD has also been demonstrated to be influenced by a variety of factors (3), in which the major manifestation is the appearance of senile plaques (SP). SP is associated with the aggregation and accumulation of amyloid-beta (Aβ) peptides in the cerebral cortex and hippocampus of the human brain (4) . Aggregated and accumulated Aβ peptides have also been reported to induce the abnormal phosphorylation of tau proteins, leading to neurofibrillary tangle formation, which serves an important role in AD pathogenesis (5) . It is therefore important to determine novel drug candidates to prevent the development of AD and to treat patients with AD.
Protective role of phenylethanoid glycosides, Torenoside B and Savatiside A, in Alzheimer's disease
Monochasma savatieri Franch, a member of the Scrophulariaceae family, is widely distributed through certain areas of Southern China (6) . It is also a traditional Chinese medicine that is used to treat many diseases, including the common cold, cough and diarrhea (6) . Extracts of Monochasma savatieri Franch obtained from the Jiangsu province of China was reported to possess bioactive ingredients for treatment of the aforementioned diseases (7, 8) . These extracts were revealed to be composed of two types of phenylethanoid glycosides (PhGs): Torenoside B (TB) and Savatiside A (SA) (6) .
PhGs exhibit a wide range of bioactivities for the treatment of disease. For instance, they may be used as anti-immunomodulatory, anti-oxidative, anti-inflammatory, anti-bacterial, anti-tumor, and anti-influenza virus agents. They may also be used as potential drugs for kidney protection and laxative effect treatments (9) . Previous studies have revealed that PhGs extracts can be used to treat a variety of coronary artery diseases (7) , respiratory infections and pneumonia (10) . In a recent report, PhGs were demonstrated to influence the structure and function of neurons and thus, may be used as neuroprotective agents against H 2 O 2 and Aβ 1-42 -induced injury in PC12 cells (11) . This observation is further supported by a dramatic neuroprotective effect exhibited by Forsythenethosides A and B, two PhGs extracted from Forsythia suspense, against PC12 cell damage induced by the deprivation of serum (12) .
According to previous studies, PhGs are considered to be potential drug candidates for the treatment of AD (7, 8, 10) . However, few reports assess the neuroprotective effect of TB and SA extracted from Monochasma savatieri Franch, in the treatment of AD as well as the signal pathways utilized. In the present study, in vitro and in vivo AD experimental models were constructed and the effects of TB or SA on these models were assessed. The Aβ fragment 25-35 (Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] ), a short proteolytic fragment of the full-length Aβ peptide, is known to exhibit neurotoxicity (13) . This fragment was utilized as a substrate for the induction of AD in the cell and small animal models of the current AD treatment study.
Materials and methods
Materials and ethics statement. SA and TB utilized in the current study were provided by the Department of Natural Medicine Chemistry, Suzhou University (Suzhou, China) and Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] was obtained from BIOSS (Beijing, China). MTT was purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Galantamine (Gal) was provided by J&K Scientific, Ltd. (Beijing, China). The SH-SY5Y cell line was purchased from the American Type Culture Collection (ATCC ® CRL-2266™; Manassas, VA, USA). All animal experiments were approved by the Animal Ethics Committee of Soochow University (Suzhou, China) and all procedures were performed in strict accordance with the protocols of the Care and Use of Laboratory Animals and related norms of the animal laboratory of Soochow University (Suzhou, China).
SH-SY5Y cell culture and treatment viability. SH-SY5Y cells were cultured in F12/MEM medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) in an incubator with 5% CO 2 at 37˚C. After cells reached a confluence of 70-80%, they were digested with 0.05% trypsin and transferred to the logarithmic growth phase. SH-SY5Y cells (1x10 5 cells/ml) were then inoculated into the wells of a 96-well plate at a density of 1x10 4 cells/well and cultured for 24 h at 37˚C in an incubator with 5% CO 2 .
Cell-cultured wells were subsequently divided into the Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] induced group, the Aβ 25-35 +SA treated group, the Aβ 25-35 +TB treated group and the blank group (utilized as a control). Cultured cells were pretreated with 25, 50 and 100 µM of SA or TB, and were induced with 30 µM Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] for 24 h. An MTT assay was then performed to assess the viability of cells following SA and TB treatments. A total of 10 µl 5 mg/ml MTT was added into wells and incubated for 4 h at 37˚C. The supernatant in the well was removed and 100 µl of dimethyl sulfoxide (DMSO) was added. The plate was then incubated for 10 min at room temperature and a fully-automatic microplate reader was utilized to measure the absorbance at a wavelength of 570 nm [optical density (OD) 570 nm ]. The wells of the control group were cultured as aforementioned, except with the same volume of 1x PBS buffer instead of the assessed PhGs. Cell viability was calculated using the following formula: Cell viability rate %=(OD 570 nm (experiment group) /OD 570 nm (normal group) ) x100%. Measurements for each sample were performed in triplicate to achieve the deviation.
Assessment of SH-SY5Y morphological changes.
Following the manufacturer's protocol, the Gimesa assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was utilized for the staining of SH-SY5Y cells with or without the SA and TB treatments. Stained cells were then rinsed with water and air dried at room temperature. An inverted optical microscope (Eclipse TE2000-U; Nikon Corporation, Tokyo, Japan; magnification, x400) was used to observe the morphology of SH-SY5Y cells. Images were obtained using Olympus Image-ProPlus 6.0 (Olympus Corporation, Tokyo, Japan). The morphological changes of treated SH-SY5Y cells were compared with the control group.
Detection of reactive oxygen species (ROS). Suspended cells (1x10
5 cells/ml; 2 ml) were seeded in 6-well plates and cultured for 24 h in an incubator at 37˚C with 5% CO 2 . Wells were grouped into treatment and control groups as aforementioned. Subsequently, the medium was removed and cells were washed once with 1x PBS buffer. A dichlorofluorescin diacetate (DCFH-DA) assay was then performed to measure the ROS content in cells. Serum-free F12/MEM medium (200 µl) containing 10 µM DCFH-DA (Beyotime Institue of Biotechnology, Hiamen, China) was added to each well of the 6-well plate. Cells were then incubated for 10 min at room temperature, washed once with 1x PBS and digested with 0.05% trypsin to obtain the suspension. Suspended cells were recovered via centrifugation at 12,000 x g for 15 min at 4˚C and washed twice with 1x PBS. Cells were subsequently suspended in 1x PBS buffer with a final volume of 300 µl. ROS content was measured using a flow cytometer (Beckman Coulter, Inc., Brea, CA, USA) with an excitation wavelength at 488 nm and emission at 525 nm. Immunofluorescence signals were also quantified by ImageJ software v1.8.0 (National Institutes of Health, Bethesda, MD, USA) ROS content in all groups were obtained. Fluo-3AM was added to each well and incubated for 30 min at 37˚C. PBS solution was removed and wells were washed once with 1x PBS buffer to remove extra dye. Cells were then digested with 0.05% trypsin and collected via centrifugation at 12,000 x g for 15 min at 4˚C. Subsequently, cells were suspended in 1x PBS buffer. Upon excitation at 506 nm, the fluorescence intensity of suspended cells was measured at 526 nm using a flow cytometer. Fluorescence intensity was then used to estimate the concentration of Ca 2+ .
Quantification detection of apoptosis. For flow cytometric analysis, Hippocampal neurons were collected and diluted with PBS. Apoptosis was measured via flow cytometry using the Annexin V-EGFP/PI Apoptosis Detection kit (Beyotime Institute of Biotechnology) according to the manufacturer's protocol. Cell suspensions (100 µl) were added to 100 µl annexin V and 10 µl PI, incubated for 20 min at room temperature and analyzed using the MUSE cell analyzer (EMD Millipore, Billerica, MA, USA).
Western blot analysis. Western blotting was utilized to measure the expression of protein in cells. Proteins were extracted from cells using a cell lysate (radioimmunoprecipitation assay buffer) and then determined using a modified Folin-Ciocalteu assay. Samples (20 µg) were then denatured using 10% sodium dodecyl sulfate and then run on a 12% SDS-PAGE. Subsequently, samples were transferred to a polyvinylidene difluoride membrane (EMD Millipore) and rinsed with TRIS-buffered saline with 0.5% Tween-20 for 5 min. Membranes were immersed in 5% Bovine Serum Albumin (cat. no. 0332; Sangon Biotech Co., Ltd., Shanghai, China) for 2 h at room temperature, washed with 1x PBS buffer. Anti-Calnexin (1:500; rabbit polyclonal antibody; cat. no. 2433; Cell Signaling Technologies, Inc., Danvers, MA, USA) and anti-β-actin (mouse monoclonal antibody; cat. no. 3700; Cell Signaling Technology, Inc.) antibodies were diluted with PBST (1:5,000), then incubated overnight at 4˚C. Membranes were subsequently washed with TBST buffer for 3x15 min and then immersed in 1x PBS buffer. Horseradish peroxidase-conjugated sheep anti-mouse and anti-rabbit antibodies (anti-mouse cat. no. NA931; anti-rabbit cat. no. NA934V; each, 1:3,000; GE Healthcare, Chicago, IL, USA) were subsequently added to the solution and incubated for 1 h at 37˚C. Samples were kept in the dark to avoid exposure to light. Membranes were then washed with TBST buffer for 3x10 min. The density of each protein band was visualized with an ECL detection kit (Thermo Fisher Scientific, Inc.) and quantified using SigmaScan-pro V5.01 (SPSS, Inc., Chicago, IL, USA). The results were used to evaluate the expression of protein in cells.
Animal model construction.
A total of 15 male Institute of Cancer Research mice (clean grade; 6-8 weeks; weight, 18-22 g) were obtained from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). Animals were housed in a quiet laboratory at a controlled temperature of 22±2˚C and a humidity of 50±10% with free access to food and water, under a 12 h light/dark cycle. Mice were randomly divided into 5 groups (each, n=3): The blank control, the Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , the Gal + Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , the SA + Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and the TB + Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] group.
Mice in the treatment groups were administered a pre-injection via the caudal vein for 7 consecutive days with the following agents at various dosages: Gal, 3 mg/kg/d, SA, 100 mg/kg/d and TB, 100 mg/kg/d. Mice of the control group and the Aβ 25-35 group were injected with 10 µl saline. The experimental procedure was in accordance with a previous study (14) . On the 8th day, following anesthetization, mice were secured on a stereotaxic instrument. A 10 µl microsyringe was vertically inserted 2.46 mm posterior to the bregma, at a 2 mm lateral and 2 mm depth under the cortical surface. Mice in the Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] treatment groups were injected with 3 µl of Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] solution (3.4 µg/µl), while mice in the control group received an equal volume of normal saline. The injection speed was kept constant at 1 µl/min and was performed according to the previous study (15) . Needles were retained for >5 min and then slowly withdrawn by 1 mm. According to a previous and to personal experience, the volume of injection to the hippocampus does not result in extensive/non-specific neuronal damage (14) .
Following surgery, injured mice were kept warm (at 37˚C ± 2˚C) until their conscious recovery and were then housed under a constant temperature (22˚C ± 2˚C). Following 24 h, mice in the treatment groups were administered intravenous SA, TB or Gal (a routine drug for the treatment of learning and memory disorder). Mice in the control and Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] induced groups were injected with 10 µl vehicle (saline). On the 18th day, all mice participated in behavioral experiments. Histopathological changes of hippocampal morphology and neuronal ultra-structures, and the changes of relative biochemical parameters were subsequently assessed.
Y-maze test.
Following the last drug administration, mice were subjected to the Y-maze test for the assessment of spatial recognition memory, as previously described (16) . The tests were performed for 3 continuous days. The passive avoidance test was performed to assess short-term learning ability. Following a single training trial, time latency was measured (consolidation trial). The room in which tests were performed was kept quiet and dark. The number of correct responses (scored from 0 to 20) was recorded in the test.
Morris water maze test. The Morris water maze test was performed following a routine procedure at the Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking Union Medical College. Mice were trained to swim 3 times a day for 5 consecutive days, as described previously (14) . Mice were then placed into a pool of water at a desired start point and then forced to swim. The recorded latency period was considered to be the time taken for mice to locate and climb the fixed platform. If the latency time exceeded 60 sec, mice were led to the platform and 60 sec was recorded. Mice were subsequently removed from the platform within 10 sec following arrival and then run to the next training procedure (probe trial) (17) . The data acquisition and analysis were completed using EthoVision XT7 (Noldus Information Technology BV, Wageningen, The Netherlands).
H&E and Nissl staining. After the aforementioned behavioral tests were performed, mice were immediately anesthetized with 400 mg/kg IP 10% chloral hydrate and then sacrificed via cardiac perfusion with saline solution, followed by ice-cold 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.0) as described previously (17) . No signs of peritonitis were observed following anesthetic administration. All mice were sacrificed following behavioral tests. The brains of three randomly selected mice from each group were removed and fixed in 4% paraformaldehyde solution for 24 h at 4˚C. Tissues were subsequently embedded in paraffin and cut into 4 µm thick sections. Samples were stained with H&E and Nissl dyes as contrast agents via a routine staining protocol. Histopathological changes in the hippocampal CA1 region were observed using an optical microscope (magnification, x400). H&E stained brain tissues from an additional three mice in each group were subsequently stained with hematoxylin solution for 3 min and NISSL staining with 1% toluidine blue staining solution for 10 min at room temperature. Samples were then dehydrated rapidly with 95% alcohol, cleared with xylene and mounted with the neutral resin. A high-power optical microscope (magnification, x400) was used to observe the tissue. Three randomly selected visual fields were used and the number and rate of positive cells were counted and calculated from the images.
Transmission electron microscopy (TEM).
Three other mice were then selected from each group, anesthetized and sacrificed as aforementioned. The hippocampal tissues of mice were then obtained. Tissue was fixed with pre-cooled 2.5% glutaraldehyde solution at 4˚C for over 4 h. The hippocampal CA1 region was subsequently isolated, washed twice with 10 mM PBS buffer and fixed in 1% osmic acid solution at 4˚C for 1 h. Fixed tissues were then washed twice with 10 mM PBS buffer and treated via a routine protocol including dehydration with acetone, preservation overnight at room temperature in 70% acetone solution with saturated uranyl acetate (Amresco, LLC, Solon, OH, USA), dehydrating further with acetone and embedding using the SPURR embedding kit (TAAB Laboratories Equipment Ltd., UK). The treated tissue sections were sieved using 200-mesh copper grids, stained with uranyl acetate for 30 min at room temperature and further stained with lead nitrate (or lead citrate) at room temperature for 30 min. A H-600 TEM (Hitachi, Ltd., Tokyo, Japan) was used to obtain high-resolution tissue images.
Maleic dialdehyde (MDA) content and superoxide dismutase (SOD), glutathione peroxidase (GSH-PX) and acetylcholinesterase (AChE) activity. MDA content (cat. no. A003-1) and the enzyme bioactivity of SOD (cat. no. A001-3), GSH-PX (cat. no. A005) and AChE (cat. no. A024) in murine tissue were determined to assess the biochemical changes observed following drug treatment. All measurements were obtained using corresponding detection kits (Nanjing Jiancheng Bioengineering Institute) following the manufacturer's protocol.
Statistical analysis. All statistical data were analyzed using SPSS software v. 17.0 (SPSS Inc., Chicago, IL, USA) and data are presented as the mean ± standard error of the mean. Differences between two groups were analyzed via a Student's t-test and among multiple groups via one-way analysis of variance followed by a least-significant difference test. P<0.05 was considered to indicate a statistically significant difference.
Results
In the current study, PhG extracts from Monochasma savatieri Franch, including TB and SA, were assessed for their neuroprotective effects as well as their potential to prevent and treat AD development. Their specific signaling pathways and medical effects were also assessed. A detailed flow chart of the in vivo and in vitro experimental design is presented in Fig. 1 . In addition to the biochemical and medical mechanisms utilized by TB and SA, behavioral and neuroscientific tests were performed to assess murine spatial learning and memory following Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] induction and subsequent treatment. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Fig. 3A and B) with an increase of Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] concentration as presented. However, cell viability increased as TB or SA treatment concentration increased, indicating that alongside the changes in cell morphology, Aβ 25-35 -induced SH-SY5Y cell viability was also increased in a dose-dependent manner at a TB and SA concentration range of 25-100 µM (Fig. 3A and B) . Furthermore, the MDA content of Aβ 25-35 -induced SH-SY5Y cells was markedly elevated following TB and SA treatment, whereas the enzyme activities of SOD and GSH-PX were clearly reduced in comparison with control cells. Thus, oxidative stress parameters were decreased following treatment with increased TB and SA concentrations. These data with TB and SA treatments at the different concentrations are presented in Tables I and II (Fig. 5A-C) . This indicates that TB and SA treatment may reduce the function of Ca 2+ in cells. The expression of Calnexin was determined following western blotting. Compared with the control group, Calnexin expression increased following Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induction in SH-SY5Y cells. However, TB (50-100 µM) and SA (50-100 µM) treatment significantly decreased the expression of Calnexin in a dose dependent manner when compared with Aβ 25-35 -induced SH-SY5Y cells (Fig. 5D-F) . [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced mice. The Morris water maze test was utilized to assess the learning and memory of Aβ 25-35 -induced mice. The results revealed that the mice induced by Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] exhibited markedly prolonged escape latency, markedly decreased crossing numbers and significantly reduced time spent in the target quadrant in comparison with mice in the control group on the 3rd day (P<0.05; Fig. 6A-C) . However, following treatment with SA, TB or Gal, Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced mice exhibited a significantly improved non-spatial relational learning and memory (P<0.05) compared with untreated mice, indicating that SA and TB served as affective treatments.
SH-SY5Y cell viability following Aβ

Effect of TB and SA treatment on the learning and memory of Aβ
In the Y-maze test, following an Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] injection to murine hippocampal regions, the spatial recognition memory of mice was demonstrated to be significantly reduced, as presented in Fig. 6D -E (P<0.05). SA and TB compounds were subsequently administered to treat injured mice. The results revealed an effective improvement on the spatial recognition memory of Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced mice (all P<0.05), which was consistent with the treatment by the Gal. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] induced murine hippocampal CA1 regions. H&E staining was performed to monitor neuronal morphology and pyramidal cells in the hippocampal CA1 region of mice. The results revealed that mice in the control group exhibited a normal neuronal morphology, with well-arranged pyramidal cells (Fig. 7) . In contrast, Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced mice exhibited a markedly decreased number of pyramidal cells. The cells were arranged dispersedly in a disordered manner. However, following SA or TB treatment, the number of pyramidal cells and the degree of cell edema were observed to be improved.
Effect of TB and SA on the histopathological morphology and neuronal ultrastructure of Aβ
The neuronal structure of murine brains was determined via Nissl staining. The results revealed that the control group exhibited a complete neuron structure, with clearly visible nucleoli, lightly stained cytoplasm and a neat arrangement in the hippocampus. In contrast, the tissues of mice from the Aβ 25-35 group exhibited significant cell shrinkage, irregular cell morphology, cell membrane shrinkage, pyknotic and deeply stained nuclei, loosely arranged hippocampal cells, decreased pyramidal cells and decreased Nissl bodies. Following treatment with Gal, SA and TB, the pyramidal cells and Nissl bodies in the hippocampal CA1 region of Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced mice were substantially improved, demonstrating treatment efficacy (Fig. 7) .
TEM imaging was utilized to assess the neuronal structures of mice. It was demonstrated that control group mice had a normal distribution of neurons, smooth membrane surfaces and round or oval shape nuclei. However, Aβ 25-35 -induced mice exhibited concentrated chromatin in the nuclei of certain neurons. Following TB and SA treatment, the neuronal structures of Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced mice were ameliorated and resumed to almost normal status, with only very few abnormal nuclear ultrastructures. This observation was also similar to that of the Gal+Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] group, indicating that TB and SA have a similar treatment effect to Gal (Fig. 7) .
Effects of TB and SA on the oxidative stress and neuron apoptosis of hippocampal tissues in Aβ 25-35 -induced mice.
The content of MDA and the activity of SOD and GSH-Px from Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced and control mice were measured (Fig. 8A-D) . The results revealed that the content of MDA in Aβ 25-35 -induced mice was significantly higher compared with the control group. Additionally, the activities of SOD and GSH-Px were significantly lower in Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced mice compared with control mice, indicating the marked aggravation of hippocampal neuron apoptosis via Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induction (all P<0.05). Following treatment with SA or TB, oxidative stress in the hippocampal tissues of Aβ 25-35 -induced mice was markedly alleviated, exhibiting a decrease of MDA content, an increase in SOD and GSH-Px activity and a decrease in the number of apoptotic neurons (all P<0.05). A similar effect was also observed in Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced mice treated with Gal, further supporting the hypothesis that SA and TB exhibit similar effects to Gal. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced mice. As presented in Fig. 8E , Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] induced mice exhibited an increased AchE activity in their hippocampal tissues compared with the control group (P<0.05). Following treatment with TB and SA, AchE activity of the three treated groups were markedly decreased (all P<0.05). Furthermore, AchE activity in each of the three treatment groups was not statistically significant when compared, indicating similar drug effects.
Effects of TB and SA on AchE activity and Calnexin expression in the hippocampal tissues of Aβ
Western blotting was performed to detect the expression of Calnexin in the hippocampus of mice, the results of which are presented in Fig. 8F and G. The results demonstrated that Calnexin expression in Aβ 25-35 induced mice was significantly higher than that of the control group (P<0.05). Furthermore, following treatment with TB, SA and GAL, the expression of Calnexin in Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced mice markedly decreased (P<0.05), indicating a significant and similar treatment efficacy of SA, TB and GAL.
Discussion
Aβ fragments are derived from a family of peptides that are closely associated with the pathogenesis and development of AD (13, 18) . The Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] fragment in particular, exhibits a high cytotoxicity, rapid aggregation and an enhanced neurotoxicity (13) . The toxic effect of Aβ 25-35 on nervous cells has been well document via in vitro and in vivo experiments (19, 20) . In the current study, Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] was used to induce SH-SY5Y cells at different concentrations. The results revealed a marked decrease in cell viability with increased Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] concentrations, which is consistent with the results of previous studies (21, 22) . To avoid adverse effects following induction, 30 µM of Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (with a cell viability of 63.4%) was selected for subsequent cell-based in-vitro experiments.
In accordance with typical protocols for drug treatment, cells and mice were first induced with Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and then treated with drugs to determine their effect on cell injury. The current study assessed the protective role of PhGs in AD. Thus, cells and mice were treated with PhGs following induction with Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , which is a procedure that has been utilized in a previous publication (23) .
Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] is closely associated with the pathogenesis and progression of many neurodegenerative diseases, including Parkinson's disease, amyotrophic lateral sclerosis and AD (24) , via a modulating oxidative stress pathway. Thus, as a product of normal aerobic metabolism, ROS is considered to maintain a dynamic balance of its production and clearance under normal circumstances (25) . However, an impaired balance of ROS or antioxidant may contribute to the accumulation of ROS, resulting in oxidative stress-induced cell injury (26) . MDA, a byproduct of free radical lipid attack, is recognized as a biomarker of lipid peroxidation and oxidative stress (27, 28) . In addition, certain enzymes, including catalase, GSH-Px and SOD, may prevent ROS induced cell injury via detoxification (29) .
The current study determined the content of MDA and the enzyme activities of GSH-Px and SOD to determine oxidative stress-induced cell injury following Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] a β-glucosamine core with hydroxyl and methoxy subunits substituting phenyl or cinnamoyl substituent groups via ester or glycosidic linkages (30, 31) . Certain PhGs have also been demonstrated to exert a significant anti-oxidative stress effect (32) . For instance, acteoside, extracted from Verbascum sinuatum, protects SH-SY5Y cells against Aβ-induced cell injury by modulating ROS generation and apoptosis via a signal pathway comprising the B cell lymphoma-2 family, cytochrome-c and caspase-3 (33) . Furthermore, Echinacoside, isolated from Tibetan herb Lagotis brevituba Maxim and Cistanche tubules, is considered to exert a neuroprotective role in H 2 O 2 -injured PC12 cells by regulating the mitochondrial apoptotic pathway (34) . TB and SA, as two types of PhG extracted from Monochasma savatieri Franch, were utilized in the current study to assess their neuroprotective efficacy in in vitro and in vivo experiments.
SH-SY5Y cell morphology exhibited a large change following Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] induction, but returned to a relatively normal status following treatment with TB and SA at a high dose. Meanwhile, a different morphology and cell viability was observed following TB or SA treatment when compared with Aβ 25-35 -induced cells. This may be due to different solubility of the two compounds. The morphological method provides an observation on the change of cell shape following treatment and is only used as a semi-qualitative method, whereas MTT assay is quantitative. The data obtained from each method exhibits similar trends and supports the conclusion that TB and SA may serve as efficient treatments of AD.
Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] induced SH-SY5Y cells upregulated intracellular ROS content and MDA, but downregulated SOD and GSH-Px. These results indicate that Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced oxidative stress may constitute a cause for the cell injury observed in AD development. This may be due to the binding of Aβ to the advanced glycation end product cell membrane receptor, activating nuclear factor (NF)-κB and subsequently generating ROS (35) . An in vitro experiment was then performed in the present study, in which Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced cells were treated with TB and SA extracts. Gal was also utilized in certain tests as the positive control. The results revealed that TB and SA treatment significantly decreased ROS and MDA content, and increased SOD and GSH-Px in a dose-dependent manner. A previous study also determined that SA exerts a protective effect against myocardial ischemia injury (7). The current study demonstrated that SA and TB compounds may function as antioxidants and thus prevent AD by eliminating ROS or preventing its production, and by slowing down or completely inhibiting degenerative changes in nerve cells. The effect of SA and TB may be a result of phenolic hydroxyl groups present in their chemical structure that may lead to anti-oxidative activities, thus exhibiting free radical removal and oxidative cracking (36) .
To further verify the anti-oxidative and anti-apoptosis properties of TB and SA, the extracts were administered Aβ 25-35 -induced mice. It is considered that the majority of people with AD are older (≥65 years) and as such, the age of experimental animals is a critical variable in experimental research (37) . The current study assessed the protective role of PhGs in AD. It has been revealed that Aβ can be detected in the mice at 2-3 weeks old and remains at a relatively low level at 4-5 weeks old (38, 39) . Thus, to reduce the natural Aβ interference in the brains of mice, the current study utilized 4-5 weeks old mice to construct AD models.
According to a previous study, Aβ binds to N-methyl-D-aspartate receptors, regulating calcium channels and increasing the number of open channels on the cell surface (40) . This phenomenon may increase the influx of extracellular calcium, triggering the release of mitochondrial calcium and resulting in the destabilization of calcium homeostasis and the increased production of ROS (41) . However, PhG compounds serve an essential role in the maintenance of calcium homeostasis. For instance, echinacoside induces pulmonary artery vasorelaxation in mice by increasing the number of open NO-cGMP-PKG-BKCa channels and decreasing intracellular Ca 2+ levels (42) . In addition, acteoside inhibits the invasive and migrating capabilities of phorbol-12-myristate-13-acetate-induced human fibrosarcoma cells by regulating the Ca 2+ -dependent calmodulin-dependent protein kinase/extracellular regulated kinase and Jun amino-terminal kinase/NF-κB pathways (43) . The results of the current study reveal that TB and SA treatment inhibited the concentration of intracellular Ca 2+ and the expression of Calnexin in Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced cells. This observation was also supported by the results of in-vivo experiments. Thus, it is suggested that TB and SA compounds may downregulate the expression of proteins that are associated with the Calnexin transduction pathway, alleviating the destabilizing state of calcium homeostasis in neurons, and exerting therapeutic effects in AD.
As determined in the present study, SA (100 mg/kg/d) and TB (100 mg/kg/d) treatment effectively improves the spatial, non-spatial learning and memory capabilities of Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -injured mice. Furthermore, SA and TB treatment was revealed to ameliorate the morphology and structure of pyramidal cells in the hippocampal CA1 region, increase the number of Nissl bodies and reduce AchE activity in Aβ 25-35 -injured mice. As a hydrolase of the central nervous system, AchE serves a key role in hydrolyzing acetylcholine (ACh) and terminating the conduction of nerve impulses (44) . The results of the current study demonstrated that SA and TB compounds function as efficient AChE inhibitors, indicating their potential treatment efficiency.
As a drug to treat mild to moderate confusion in dementia associated AD, Gal is not curative, but may improve memory, awareness and the ability to perform daily tasks (45) . However, it also exerts side effects including nausea, vomiting, stomach pain, diarrhea, dizziness, loss of appetite, weight loss and tiredness (46) . In the current study, Gal was utilized as a positive control in certain tests, the results of which were compared with the efficacy of TB and SA treatment. Of significance, the results revealed that TB and SA exhibit a similar effect to Gal in certain experiments, indicating a high treatment efficacy of TB and SA. However, the current study did not compare the side effects of TB and SA to those of Gal. Further study is required to assess the pharmacokinetics and pharmacodynamics of SA and TB compounds, as well as their bioavailability.
In the current study, TB and SA compounds exhibited potential therapeutic effects in the treatment of AD. TB and SA treatments were revealed to enhance the enzyme activity of SOD and GSH-Px, reduce the content of ROS and MDA, and downregulate intracellular Ca 2+ concentrations and Calnexin expression in Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced SH-SY5Y cells. In addition, TB or SA treatment administered to Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced mice effectively improved their learning capability and memory, alleviated their oxidative stress in the hippocampal tissues, significantly decreased the expression of Calnexin and decreased hippocampal neuron apoptosis. The results revealed that SA and TB compounds may have a potential for use as therapeutic drugs to treat AD. However, although the formation of plaques or tangles in mice may verify the success of animal model construction, the staining and observation of plaque and tangle formation were neglected in the experimental design of the current study to reduce possible interference from multiple staining protocols and to avoid the complexity and subsequent discussion of experimental results. This matter should therefore be addressed in future studies.
